Background/Aims: We have reported the neuroprotective properties of Heat shock protein B8(HSPB8) against oxygen-glucose deprivation/reoxygenation (OGD/R)-induced injury by inhibiting the mitochondrial apoptotic pathway. However, the exact underlying mechanism of its protective effect on mitochondrial function remains unknown. Here we examined whether the beneficial effect of HSPB8 on OGD/R-induced cell death is associated with mitophagy in mouse neuroblastoma Neuro2a (N2a) cells. Methods: Using the mouse transient middle cerebral artery occlusion (tMCAO) model and mouse neuroblastoma Neuro2a (N2a) cell cultures subjected to OGD/R, we employed western-blot, RT-PCR and immunostaining to analyze the change of expression pattern of HSPB8 and mitophagic flux after brain I/R both in vivo and in vitro. Moreover, via overexpressing HSPB8 or knocking down HSPB8 expression with siRNA in N2a cell, we evaluated the effect of HSPB8 on mitochondrial function during OGD/R. The impact of HSPB8 on mitophagic pathway was also assessed. Finally, mitotophagy inhibitors (CQ and Mdivi-1) were adopted to verify the involvement of mitophagy in HSPB8-induced neuroprotection. Results: HSPB8 could be up-regulated by brain I/R both in vivo and in vitro. Mitophagy enhancement coincided with induction of HSPB8 during I/R. Overexpression of HSPB8 reinforced I/R-induced mitophagy in OGD/R-treated mouse N2a cells and HSPB8 silence suppressed mitophagy process. Inhibition of mitophagy compromised neuroprotection conferred by HSPB8 overexpression. Conclusions: HSPB8 promoted OGD/Rinduced mitophagy, which restored the mitochondrial function and contributed to the decrease in cell apoptosis after OGD/R. Therefore, HSPB8 could be a favorable neuroprotective agent for cerebral I/R related disorders.
Introduction
As a member of the sHSPs (small heat shock proteins) family, HSPB8 is of particular interest in the field of neurological diseases since mutations in its DNA sequence correlate with the development of distal hereditary motor neuropathy and Charcot-Marie-Tooth disease. Moreover, it has been reported that HSPB8 could protect against intracellular accumulation of insoluble aggregates in various neurodegenerative diseases [1] . In addition, HSPB8 is upregulated in different models of myocardial ischemia [2, 3] , and promotes cell survival in a context of acute, repetitive, and chronic ischemia [4, 5] . Therefore, it is reasonable to speculate that HSPB8 could play a protective role in brain ischemia. Our previous study demonstrated that OGD/R upregulated HSPB8 expression and that HSPB8 overexpression ameliorated OGD/R injury-induced mouse N2a cell death, at least partially, through interfering with mitochondria-dependent apoptosis pathway [6] . In an ischemic animal model, HSPB8 reportedly prevented oxidative stress-induced mitochondrial dysfunction [7] . These studies highlight the possibility that HSPB8 targets mitochondria to protect the brain from ischemic injury. Mitochondrial dysfunction is well-established in cerebral ischemia. Mitochondria play key roles in various cell processes including ATP production, Ca2+ homeostasis, ROS generation and apoptosis. Neurons are particularly vulnerable to ischemia because of their high energy demands. It seems reasonable to hypothesize that neuronal resistance to ischemia is dependent on the ability of neurons to maintain mitochondrial homeostasis such as timely clearing dysfunctional mitochondria.
Interacting with Bag3, HSPB8 has been demonstrated to be involved in the delivery of misfolded proteins to the macroautophagy machinery, [1, 8, 9] . However, whether HSPB8 is directly involved in the mitophagy process remains unclear. In the present study, we first assessed the HSPB8 expression and mitophagy involvement in the mouse model of MCAO/R and in mouse N2a cells at different reperfusion time points after 4h OGD injury, then we employed in vitro assays to test the hypothesis that mitochondria are the targets of HSPB8-mediated autophagy and that HSPB8 is protective through enhancing OGD/R-elicited mitophagy.
Materials and Methods

Animals
All the animals used in this study were pathogen-free male adult C57BL/6 mice weighing 22-25 g, provided by the Animal Center of 2nd Xiangya Hospital, Central South University. All mice had access to food and wate r and kept in an air-conditioned room with a constant temperature of 21-22°C. They were kept under a 12-hour light/dark cycle in separated clean cages. All feeding and breeding operations used in this study were compliant with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals guidelines, which have also been approved by the Ethics Committee for Use of Experimental Animals in Central South University.
Transient middle cerebral artery occlusion (tMCAO)
Mice were anesthetized with ketamine/xylazine (100 mg/10 mg/kg) intraperitoneally. Body temperature was maintained at 37 ± 0.5 °C using a heating pad (RWD Life Science, Shenzhen, China). Animal surgery was performed as previously described [10] . Briefly, a 4-0 suture (Covidien, Mansfield, MA) with a round tip and silicon coating was inserted from the left external carotid artery (ECA) into the internal carotid artery (ICA). The suture reached the circle of Willis to occlude the origin of the middle cerebral artery (MCA). The success of occlusion was determined by monitoring the decrease in surface cerebral blood flow (CBF) to 20% of baseline CBF using a laser Doppler flow meter (Moor Instruments, Devon, UK). After 60 minutes, the nylon thread was then removed to allow reperfusion. All animals were allowed to
Immunohistochemistry staining
The 25-µm brain slices were incubated with citrate buffer (pH 6.0) at 100 °C for 10 min, and were blocked in the TBS solution containing 3% BSA and 0.2% TX-100 for 1 h at room temperature. Then, they were incubated with HSPB8 primary antibody (1:50, Abcam, ab151552) at 4 °C overnight. After washes with TBS solution containing 0.1% TX-100, the antibody-labeled brain slices were incubated with 1% BSA containing fluorescence labeled anti-rabbit IgG (1:200) for 1 h at room temperature. Sections were rinsed in TBS, mounted onto slides, air-dried, cleared in xylene, and coverslipped in DPX (Sigma).
Cell culture and OGD/R process
Mouse neuroblastoma Neuro2a (N2a) cells were purchased from ATCC. The method of mouse N2a cell culture preparation has been described in detail previously. OGD was performed as described [11] . The high-glucose DMEM culture medium supplemented with 10% FBS was replaced with Earle's balanced salt solution (Leagene Biotech Co. Beijing, China), and then cells were immediately moved into an airtight hypoxic incubator (MGC AnaeroPack®-Anaero Mitsubishi Gas Chemical Co., Inc. Japan). The incubator was kept in 37 °C for 4h to initiate the OGD insult. After that, OGD was terminated by replacing Earle's balanced salt solution with high-glucose DMEM medium supplemented with 10% FBS, and the cells were further incubated for an additional 0, 4, 12 h under normoxic conditions at 37 °C respectively. Inhibitors, 10 μmol/L CQ (Sigma, C6628) or 1.25 mmol/L 3-MA (Sigma, M9821), were applied at the onset of reperfusion.
Transfection and RNA silencing in cultured mouse N2a cells
A vector containing mice HSPB8-Myc cDNA was obtained from ATCC. Mouse N2a cells were cultured for 96 hours and then transfected with the indicated plasmids using Lipofectamine 2000 (Invitrogen) and Lipofectamine LTX with PLUS Reagent (Invitrogen) according to manufacturer's instructions. siRNA for HSPB8 (targeting sequence: 5'-AGAGCAGUUUCAACAACGA) and a scrambled control siRNA (5′-AUGAAGTGAAUUGCUCAA-3′) were synthesized by GenePharm(Shanghai). mouse N2a cells were transfected on 5 d in vitro with 20 nmol HSPB8siRNA or scrambled siRNA using Lipofectamine RNAiMAX (Invitrogen, 13778100). After transfection in antibiotic-free medium for 8 h, cells were refreshed with normal medium.
Confocal microscopy
For microscopy examination, mouse N2a cells were fixed with 4% PFA/PBS solution for 15 min at 25°C, then permeabilized by 0.5% Triton X-100/PBS solution for 5 min at 25°C. After blocking of samples with 1% BSA/PBS solution for 30 min with gentle shaking, and incubated with LC3 antibody (1:25; Sigma, L7543) and anti-TOMM20 antibody (1:250, Abcam, ab186734) in 1% NGS/PBS at room temperature for 1 hour. Fluorescent dye-conjugated secondary antibody: anti-mouse alexa Fluor 488(1:500, Abcam, ab150117) and anti-rabbit Alexa Fluor 594(1:500, Abcam ab150152) were added and incubated at room temperature for 30 minutes. Dishes were observed on a confocal microscope (Fluoview FV1000, Olympus, Tokyo, Japan). Images were analyzed by Image Pro-Plus 7.0 software.
Real-time PCR
Total RNA was isolated from lysed cells using Trizol (Sigma, T9424) and purified according to manufacturer's instructions. Reverse transcription was performed by using the Reverse Transcription Kit (Promega). Equal amounts of total RNA (500 ng) were reverse-transcribed. The following primer sequences were used: HSPB8 (Fw: 5′-CCGGAAGAACTGATGGTAAAGAC-3′, Rev: 5′-CCTCTGGAGAAAGTGAGGCAAATAC-3′), TOMM20(Fw: 5′ TGGGCTTTCCAAGTTACCTGATT-3′; Rev: 5′-CACCCTTCTCGTAGTCACCTTGT-3′), Cox4l1 (Fw: 5′-GAATGTTGGCTTCCAGAGCG-3′; Rev: 5′-TCACAACACTCCCATGTGCT-3′). The PCR experiments were repeated 3 times, each using separate sets of cultures.
Western blot analysis
Cultured cells were lysed in Laemmli SDS sample buffer directly, and brain homogenates were diluted in 2 × Laemmli SDS sample buffer at 1:1 ratio, followed by heating at 95 °C for 5 minutes. Samples were 
Flow Cytometric analysis
Apoptosis was detected by Annexin V FITC Apoptosis Detection Kit (Sigma). Briefly, N2a cells were collected and washed twice with PBS. 500 μL binding buffer suspension was then added to the treated cells. After that, 5 μL Annexin V-FITC and 10 μL propidium iodide were added to each group and cultures were incubated at 37°C for 5~15 min in dark. Flow cytometer (BD, Biosciences) was used to detect the percent cells with apoptosis and flowJo software was used for flow cytometry analysis.
The terminal deoxynucleotidyl transferase-mediated dUTPbiotin nick end labeling (TUNEL) assay
Cells were previously seeded on poly-l-lysine-treated coverslips. After treatment, fixed cells were stained using a TUNEL kit according to the manufacturer's instructions (Click-iT Plus TUNEL Kit, Thermo Fisher), and cell nucleuses were stained with DAPI. For each coverslip, 5 random fields were examined under a fluorescent confocal microscope. The total cell number was counted using DAPI staining, and the average TUNEL-positive cell ratio was calculated.
Electron microscopy
Cells was fixed with 4% glutaraldehyde in 0.1 N sodium-cacodylate at room temperature for 1 h, and processed for electron microscopy using a standard protocol [12] . Cells were fixed with 2% glutaraldehyde in 0.2M 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid sodium salt (HEPES) (pH 7.4) for 2h at room temperature. Fixed cells were collected and postfixed with 1% OsO4 and stained in 2% uranyl acetate (Eskelinen, 2008). The pellets were dehydrated through a graduated ethanol series and embedded in Epon 812 (Electron Microscopic Sciences) for sectioning and observed under a transmission electron microscope (Hitachi H7500). A series of ultrastructural images were collected with a bottom-mount digital camera for the analysis of autophagosomes.
Cytochrome c Oxidase (COX) Activity Assays
Mitochondria of N2a cells were obtained using a mitochondria isolation kit (Genmed Scientifics, Cat. GSM10006). Mitochondria were suspended in 50 μL of isolation buffer containing 250 mM sucrose, 20 mM HEPES, pH 7.2, and 1 mM EDTA. Suspensions were added to a cuvette containing 0.95 mL of 1x assay buffer (10 mM Tris-HCl, pH 7.0, and 120 mM KCl), and the reaction volume was brought to 1.05 mL with 1x enzyme dilution buffer (10 mM Tris-HCl, pH 7.0). Cytochrome c oxidase activity then was measured using cytochrome c oxidase assay kit (Sciencell, Cat. 8278). In brief, Ferrocytochrome c (reduced cytochrome c with dithiothreitol) was then added to the sample, and COX activity was measured by the decrease in absorption at 550 nm. The reading was recorded every 5 seconds during the first 3 minutes. Background levels were measured without cell suspensions. All measurements were repeated at least three times. All normalized control of cytochrome c oxidase activity values will be 1 (or 100%).
Determination of Mitochondrial ATP Synthase Activity ATP synthase activity was analyzed using the ATP synthase microplate kit (Genmed Scientifics), following the manufacturer's protocols. Briefly, mitochondrial membrane proteins were isolated and immunocaptured in the wells of the microplate. The ATP synthase activity was measured by monitoring the conversion of ATP to ADP by ATP synthase coupled to the oxidation reaction of NADH to NAD+ with a reduction in absorbance at 340nm All measurements were repeated at least three times. All normalized control of complex V activities values will be 1 (or 100%).
Statistical analysis
Data were expressed as the mean ± standard error of the mean (SEM). Student's t test was used to determine the difference between two experimental groups. One-way analysis of variance (ANOVA) and Dunnett's post hoc test was used for multiple comparisons between more than two groups. P values<0.05 were considered statistically significant.
Results
HSPB8 is upregulated by brain ischemia
To determine whether the expression of HSPB8 was affected by brain ischemia, mice with transient middle cerebral artery occlusion (tMCAO) and cultured mouse N2a cells exposed to OGD/R were used as in vivo and in vitro models of cerebral ischemia, respectively. Western blot and immunohistochemistry showed low levels of HSPB8 protein in CA1 sector of the hippocampus before treatment. 1h MCAO followed by reperfusion led to a time-dependent elevation of HSPB8 (Fig. 1A-1C) . Correspondingly, in mouse N2a cells, western blot analysis clearly indicated that OGD/R induced HSPB8 expression in a time-dependent pattern from 4h reperfusion after 4h OGD and the difference became most pronounced at 12h perfusion ( Fig. 1D-1E) . RT-PCR analysis also showed that OGD/R dramatically increased HSPB8 at the mRNA level. The gene expression of HSPB8 was significantly upregulated immediately after 4h OGD and the peak was observed at 12h reperfusion after OGD (Fig. 1F) . When compared with that in 0h reperfusion, HSPB8 mRNA expressions were significantly higher in 4h and 12h reperfusion post-OGD. Taken together, brain ischemia promoted the transcription and translation of HSPB8 in our mouse and N2a cell model.
Brain ischemia-reperfusion induced mitophagy
In the present study, a time course analysis of protein expressions including autophagic markers LC3(suggesting the activation of autophagy) and p62/SQSTM1(an autophagy substrate responsible for delivering ubiquitinated proteins for degradation, which is itself degraded by autophagy) was conducted in the ipsilateral hemisphere at 1, 12 and 24, and ) of reperfusion after 1h MACO. HSPB8 was visualized using 3, 3′-diaminobenzidine tetrahydrochloride, hematoxylin used as a counterstain. Scale bar = 200 μm (a-d), 100 μm (e-h). Images e, f, g and h were at higher magnifications from a, b, c and d respectively. B HSPB8 protein levels were determined by western blot analysis at different time points after the onset of reperfusion in 1h MCAO mice. β-actin was used as the internal control. C The statistical analysis of HSPB8 protein level. D and E HSPB8 protein levels were determined by western blot analysis at 0h, 4h, 12h of reperfusion after 4h OGD in mouse N2a cells. E HSPB8 protein levels were quantified according to the results of three independent blots. F HSPB8 mRNA expression levels in cultured mouse N2a cells after OGD/R. Actin mRNA was used as an internal control. Experiments were repeated three times. Data are presented as the mean ± SEM. * p<0.05, * * p<0.01 compared with sham/NC group. # p<0.05, ##p<0.01 compared with 0h reperfusion group. 
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48 h reperfusion post-ischemia. As western blot showed, the turnover of LC3-II/LC3-I increased as early as 1h after reperfusion. The transformation was significant at 12h and peaked at 24h reperfusion after MCAO. Accordingly, the p62 levels decreased since 1h after reperfusion and lasted up to 24h. The significant reduction started at 12h with the minimum at 24h reperfusion ( Fig. 2A-2C) . Meanwhile, the number of mitochondria was assessed by the constitutively-expressed COX4l1 and TOMM20 (mitochondrial outer membrane proteins indicating the amount of mitochondria). We observed a time-dependent decrease of the mitochondrial markers ( Fig. 2A, 2C-D) . The activation of autophagy and reduction of mitochondrial mass implicated mitophagy activation after MCAO/R.
HSPB8 increased the induction of mitophagy
During the above study, we noted mitophagy enhancement coincided with the induction of HSPB8, which implied that mitophagy pathway may be involved in HSPB8's action. We then test if HSPB8 may be regulating mitophagy after brain ischemia/reperfusion using an in vitro OGD/R model. The N2a cultures transfected with a HSPB8 or a vehicle vector were subjected to 4 h OGD followed by 12h reperfusion. Western blotting analysis confirmed Fig. 2 . Mitophagy induction after cerebral ischemia/reperfusion. Mice were subjected to 1h MCAO followed by 1, 12 and 24h reperfusion. Extracts from the ipsilateral hemisphere were havested for immunoblotting. A Expression changes of LC3, p62 and mitochondrial markers including TOMM20 and COX4l1 at different times of reperfusion was determined by western blot. Levels of β-actin protein were used as the loading control. B-E Bar charts showed the averages of protein levels/β-actin by band density analysis. Experiments were repeated three times.Data are presented as the mean ± SEM. **p<0.01 vs. indicated group. 3 . HSPB8 enhanced mitophagy in OGD/R treated mouse N2a cells. N2a cells were subjected to 4h OGD and then treated by 12h reperfusion. A HSPB8 protein levels were determined by western blot analysis in N2a cells transfected with control or HSPB8 vector. B Cells were assessed for LC3 production, p62 expression and levels of TOMM20 and COX4l1 in seperated groups by western blot analysis. C-E Protein levels were quantified based on the results of three independent blots. F. Cox4l1 and Tomm20 mRNA levels were determined by quantitative RT-PCR and were normalized relative to the control. Experiments were repeated three times. Data represent the mean ± SEM. *p<0.05, ** p<0.01 compared with the indicated group. 
that transfection of HSPB8 resulted in overexpression of HSPB8 in N2a cells (Fig. 3A) . The conversion from LC3-I to LC3-II in N2a cells increased and the level of p62 decreased after OGD/R compared with NC group. HSPB8 overexpression augmented autophagy after OGD/R as demonstrated by a statistically significant increased LC3 flux and reduced p62 expression when compared with that in cells transfected with vehicle vector (Fig. 3B-3D) . Furthermore, after OGD/R, Cox4l1 and TOMM20 protein levels were reduced to a greater extent in HSPB8 overexpressing cells compared with that in cells transfected with vehicle vector (the difference was statistically significant) (Fig. 3B, 3E ). This loss of mitochondrial mass may be due to mitochondria degradation, or alternatively caused by decreased mitochondrial biogenesis. We thus determined the mRNA levels of COX4 and TOMM20 by real-time PCR. As shown in Fig. 3F , the genes of the mitochondrial markers were not significantly downregulated by HSPB8 overexpression. These data suggested that HSPB8 reduced mitochondria mass by facilitating mitochondrial degradation rather than reducing the transcription. To explore that HSPB8 mediated mitochondrial clearance was autophagic, the lysosome inhibitor chloroquine(CQ) was employed. According to the results shown in Fig. 3B-3D , upregulation of LC3B-II by HSPB8 was potentiated by CQ and reduction of p62 level by HSPB8 overexpression was inhibited by CQ treatment, indicating the defective autophagic flux. Furthermore, CQ incubation significantly attenuated the reduction of TOMM20 and COX4l1 induced by HSPB8 overexpression (Fig. 3B, 3F ), which suggested that autophagic mitochondria lysis occurred in HSPB8 overexpressing cells subjected to OGD/R.
To further confirm that mitophagy was enhanced by HSPB8 overexpression, mitochondria were stained with antibody against TOMM20 and autophagosomes were visualized with antibody against LC3. LC3 staining was hardly detectable in NC cells with mitochondria. After OGD/R, mitochondria with LC3 puncta substantially increased in cells transfected control vector compared with NC group, and significantly more LC3 puncta associated with mitochondria were observed in HSPB8 overexpressing cells (Fig. 4A-4B) . Collectively, these data indicated that OGD/R-induced mitophagy can be further augmented by HSPB8 overexpression. 
siRNA-HSPB8 suppressed the induction of mitophagy
To further explore the effect of HSPB8 on mitophagy, we transfected N2a cells with a specific siRNA against HSPB8. Knockdown of HSPB8 was assessed by western blot after 72 hours transfection. As shown in Fig. 5A , transfection with HSPB8 siRNA, but not control siRNA, reduced HSPB8 expression (50% reduction in HSPB8). After 4h OGD followed by 12 h reperfusion, HSPB8 siRNA markedly diminished LC3 II/ I ratio compared with that in cells transfected with control siRNA (Fig. 5A-5B) . The expressions of mitochondrial proteins COX4l1 and TOMM20 were increased in HSPB8 silent cells compared with that in cells transfected by control vector (Fig. 5C-5E ). Moreover, a significant decrease in the colocalization of LC3 puncta with TOMM20 was also observed in the cells transfected with HSPB8 siRNA compared with that in the cells transfected with control siRNA (Fig. 6A-6B ). Based on TEM, under OGD/R stress, in cells transfected with control siRNA, some of mitochondria appeared being encapsulated by double membranes of the autophagosomes. However, in the cells transfected with HSPB8 siRNAs, lack of mitophagy was observed (Fig. 6C-6D ). Taken together, these data suggested that knockdown of HSPB8 resulted in suppressed mitophagy.
Overexpression of HSPB8 attenuated OGD/R-induced apoptosis and mitochondria dysfunction
The expression of HSPB8 was significantly increased during OGD/R, thus indicating a possible involvement of this protein in cell survival. It is well known that upregulation of sHSPs in response to cellular stress is one mechanism to increase cell viability. Many studies have described the cytoprotective effect of HSPB8 in motor neuron diseases [13] , as well as during cardiac ischemia/reperfusion injury [5] . Therefore, we speculated that overexpression of HSPB8 in N2a cells may be a pro-survival factor in OGD/R setting. First, to investigate whether HSPB8 played a role in neuronal susceptibility to OGD/R stress, apoptosis was evaluated by the protein level of caspase 3 and flow cytometric analysis. The results indicated that after OGD/R, HSPB8 overexpression lowered caspase-3 expression compared with control vector group (Fig. 7A-7B ). In addition, N2a cells overexpressing HSPB8 exhibited less apoptosis as shown by a statistically significant decrease in the percentage of AV+/PI+ cells than cells transfected control vector (Fig. 8A-8B ). These data clearly indicated that HSPB8 overexpression rendered cells more resistant to OGD/R. To further investigate the role of HSPB8 in apoptosis, we examined the expressions of caspase-8 and caspase-9 in each group. The data showed that there was a significant decrease in caspase-9 expression in HSPB8 overexpressing cells but no significant changes in caspase-8 compared with control vector group after OGD/R, which implies that HSPB8 had an effect on mitochondria-related apoptosis but not on death receptor-mediated apoptosis (Fig. 7A-7B ). We further measured The results demonstrated that the OGD/R induced inhibition of COX and mitochondrial ATP synthase activities compared with NC group. Overexpression of HSPB8 significantly improved both COX activity and ATP synthase activity, when compared to cells transfected with control vector (Fig. 7C-7D) . Overall, these data provided supporting evidence for the role of HSPB8 in protecting against OGD/R-induced mitochondrial dysfunction.
Mitophagy suppression compromised the neuroprotection of HSPB8
To clarify the contribution of mitophagy to the protective role of HSPB8 against OGD/R insult, mitophagy was blocked with the autophagy inhibitor CQ. The inhibitory effect of CQ on mitophagy was confirmed by western blot detection of TOMM20 and COX4I1 as shown in Fig. 3 . Cell apoptotic rate was assessed using flow cytometry analysis. Cell apoptosis increased significantly in the group of CQ administration plus OGD/R compared with the pure OGD/R group, which suggested a beneficial role of mitophagy in mouse N2a OGD/R model. Moreover, when compared with the HSPB8 overexpressing group, apoptotic cell death was significantly higher in the HSPB8 and CQ co-treated group after OGD/R (Fig. 8A-8B ). We further blocked mitophagy by mdivi-1. Mdivi-1 is DNM1L (dynamin 1-like) inhibitor, which blocks mitochondrial fission and thus makes it difficult for the mitochondria to be engulfed by phagophores [14] . Cell apoptosis was assessed by TUNEL at 12h reperfusion after OGD.
The results showed that mdivi-1 impaired the antiapoptotic effect of HSPB8. Taken together, these data offered a support for the hypothesis that HSPB8 mediated neuroprotection against OGD/R through, at least partly, enhancing mitophagy.
Discussion
In the present research, we identified that HSPB8 was constitutively upregulated after cerebral I/R injury in vivo and in vitro, implying that HSPB8 may be an important regulatory factor for neuronal survival during the process. Interestingly, we observed the increase in HSPB8 mRNA level earlier than at the protein level. It is well known that transient translational arrest is a stereotypical response to a variety of cell stresses including ischemia [15] . Subsequent resumption of translation resulted in HSP mRNA being selectively translated into HSPs [16] . Mizzen and Welch observed that after heat shock, cells allowed a 4h recovery period to require some degree of translational tolerance [17] , a time frame similar with our observations. In addition, HSPB8 gene expression in N2a cells at 4h and 12h perfusion after OGD were significantly higher than that in cells subjected 4h OGD without reperfusion. The finding suggested reperfusion rather than ischemia robustly induced HSPB8.
It is of particular interest that BAG3, a well-known trigger for autophagy, acts as an obligate partner of HSPB8 in several cell lines. HSPB8 complexes with BAG3 [18] , efficiently facilitating autophagic removal of specific substrates, such as α-synuclein, mutant SOD1 and aberrantly long polyglutamine tracts. In this way, HSPB8 counteracts neurotoxic events in many neurodegenerative diseases including Parkinson disease(PD) [19] , Amyotrophic lateral sclerosis(ALS) [8] and spinal and bulbar muscular atrophy [20] . In our study, the results showed that concurrently with the upregulation of HSPB8 expression induced by brain I/R, the LC3-I to LC3-II turnover increased and p62 decreased, which indicated autophagy activation. Interestingly, the protein levels of two mitochondria markers TOMM20 and COX4l1 also reduced accompanied with HSPB8 upregulation at different reperfusion time points, suggesting the activation of mitophagy in our focal cerebral ischemic model. The results in our present investigation that HSPB8 upregulation and mitophagy activation were significantly and positively correlated, combined the fact that HSPB8 plays a significant role in autophagy, prompted us to investigate whether HSPB8 may trigger mitophagy in brain I/R condition.
In this study, we investigated the role of HSPB8 overexpression in regulating mitophagy in OGD/R-stimulated N2a cells in vitro. After OGD/R, in HSPB8 overexpressing N2a cells, LC3-II turnover was markedly up-regulated and p62 was significantly decreased, suggesting that autophagic flux was robustly reinforced. The mitochondrial markers TOMM20 and Cox4l1 were noticeably downregulated. The possible contribution of reduced mitochondrial biogenesis to TOMM20 and COX4l1 protein loss was excluded by RT-PCR. Lysosome inhibition reversed the mitochondrial loss confirmed that HSPB8-induced autophagic pathway was involved in mitochondria clearance. Additionally, OGD/R heavily modified the intracellular distribution of LC3, from a diffuse staining to the typical punctate staining colocalized with mitochondria. Activation of mitophagy by OGD/R suggested that mouse N2a cell had a self-repairing capability to clear dysfunctional mitochondria specifically by mitophagy after ischemic stress. However, when subjected to the severe injury, mitochondrial quality control system might become overloaded, thus resulting in irreversible and permanent damage. Specifically, HSPB8 overexpression further elevated the level of LC3-II conversion and decreased the expressions of Cox4l1 and TOMM20 to a significant extent. Increased overlapping signals of mitochondria and autophagosomes in HSPB8 overexpressing cells validated that mitophagy was augmented by HSPB8. Moreover, the result that HSPB8 silence suppressed mitophagy further supported the role of HSPB8 in mitophagy process in mouse The effects of mitophagy on cerebral ischemia brain injury have been controversial for years. Accumulation of damaged mitochondria has been observed following ischemia, which is probably a consequence of insufficient mitophagy [21] . Failure to remove dysfunctional mitochondria will inevitably result in activation of apoptotic signaling pathway, and thus the protection role of mitophagy has been proposed [22] . Nevertheless, mitophagy is not always protective, as excessive degradation of essential mitochondria will create an energy deficiency and result in cell death [23] . The enhancement of mitophagy by HSPB8 hence may represent either as a mechanism to recycle injured mitochondria and reduce damage or a process leading to cell demise. Therefore, it should be noted that whether increased mitophagic activity induced by HSPB8 is pathological or protective. In the present study, our data assign to HSPB8 a role in protecting mouse N2a cells from OGD/R-induced apoptosis evidenced by decreased apoptotic rate and reduced caspase-3 expression. As for ischemic injury, cumulative evidence suggests the involvement of both mitochondria-related and death receptor-mediated pathway in the pathogenesis of apoptotic cell death in ischemic lesions [24, 25, 26] . In consistent with the data from our previous report [27] , we clearly showed that HSPB8 decreased caspase-9 expression without impacting on caspase-8 expression, implying HSPB8 interfered specifically with the mitochondria-dependent apoptotic pathway upon OGD/R insult. Surprisingly, we found that HSPB8 overexpression significantly attenuated OGD/Relicited decreased activity of cytochrome c oxidase. Additionally, OGD/R decreased the ability of mitochondria to synthesize ATP, which was markedly improved by HSPB8 overexpression. It is seemingly contradictory that HSPB8 increased COX activity and decreased mitochondrial proteins. It is widely accepted that the catalytic activity of mammalian COX is regulated by binding of ATP to the N-terminus of subunit IV [28] . So far, two isoforms of COX subunit IV (IV-1 and IV-2) has been detected in yeast, tuna fish, and mammals. Under hypoxic conditions, the switch from IV-1 to IV-2 represents an adaptive response that optimizes COX activity [29] . Surprisingly, only a partial expression of COX isoform IV-2 seems sufficient to cause an abolition of the allosteric inhibition of COX activity [30] . Therefore, we speculated that besides inducing mitophagy, HSPB8 may also manipulate COX4 subunit switch to optimize efficiency of respiration in hypoxic cells. This presumption waits for further study in future.
To further verify the involvement of mitophagy in the protective role of HSPB8 against OGD/R injury, we inhibited mitophagy with CQ or mdivi-1. Here we showed that suppression of mitophagy either by CQ or mdivi-1 exacerbated OGD/R-associated cell apoptosis, Fig. 9 . The potential neuroprotective mechanism of HSPB8 against OGD/R injury. In our study, HSPB8 overexpression in mouse N2a cell lines was achieved by vector transfection. HSPB8 overexpression could enhance autophagic degradation of mitochondria after 12h reperfusion post-OGD, evidenced by the data from westernblot and immunofluorescence. Conversely, siRNA successfully knocked down the HSPB8 expression in N2a cell, and reduced mitophagy was observed in siRNA HSPB8 transfected cells using westernblot, immunofluorescence and TEM technologies. To investigate the role of HSPB8 overexpression enhanced mitophagy in OGD/R injury, flow cytometric analysis was adopted to measure apoptotic rate. Moreover, western-blot was taken to assess mitochondriaassociated apoptosis and COX activity and ATP synthase activity assay were used to investigate the mitochondrial function. The results showed that HSPB8 overexpression significantly restored mitochondrial function and interfered with mitochondrial apoptotic pathway. Mitophagy inhibition by 3-MA or mdivi-1 blocked the protective effect. Therefore, HSPB8 overexpression is protective against OGD/R injury via enhancing mitophagy. indicating that mitophagy activation is an endogenous protective mechanism in response to ischemic injury rather than a cause of neuronal death. Moreover, blockade of mitophagy counteracted the antiapoptotic effect of HSPB8 in OGD/R-treated N2a cells, which provided a strong evidence that mitophagy is required for the protective effect of HSPB8. In summary, the present study suggested that HSPB8 overexpression protected neuronal cells against OGD/R injury by reinforcing mitophagy, which bring forth the notion that mitochondria are critical targets of HSPB8-induced autophagy (Fig. 9) . Therefore, HSPB8 can be a promising neuroprotective agent for cerebral ischemia treatment.
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